
Lung transplantation is one of the fastest-growing solid organ transplant procedures in the world (Ramsey et al. 1995) . However, the poor tolerance of the lung to ischaemia\reperfusion still restricts early graft function following ischaemia (Sundaresan, 1995) . Research in lung preservation is therefore aimed at extending the safe period of ischaemia by improving the quality of preservation (Kirk et al. 1993) . One area of interest is the composition of Correspondence to Dr A. Fehrenbach, Division of Electron Microscopy, Center for Anatomy, University of Go$ ttingen, Kreuzbergring 36, D-37075 Go$ ttingen, Germany. Tel. :j49-551-397045 ; fax :j49-551-397004 ; e-mail : afehren1!gwdg.de different preservation perfusates (Table 1) . Clinical experience with flush perfusion is greatest with EuroCollins solution, a crystalloid fluid of essentially intracellular composition (as reviewed by Sundaresan, 1995) . There is growing evidence, however, that solutions of extracellular composition provide better preservation (Yamazaki et al. 1990 ; Binns et al. 1996) . Celsior, a new extracellular type flush solution (Menasche! et al. 1994) , which has recently been introduced into lung preservation (Reigner et al. 1995) , was reported to decrease reperfusion injury compared with conventional Euro-Collins (Barr et al. 1997) . Using an isolated rat lung preparation (Fukuse et al. 1995 (Fukuse et al. , 1996 we have found that preservation with Celsior improves functional and structural characteristics of the lungs compared with a modified low potassium Euro-Collins solution (Wittwer et al. 1998) . Increased oxygenation of the perfusate was accompanied by a higher volume of the air-filled alveolar space, and differences in alveolar expansion were observed. In order to assess the effects in detail, reliable information on the architectural arrangement and volumetric parameters of the distal gas exchange region in the lungs is required. Models of the respiring regions have been established for lungs of different animal species and man by means of casting techniques (Yeh et al. 1979 ; Schreider & Raabe, 1981 ; Haefeli-Bleuer & Weibel, 1988) , serial section reconstructions and stereological estimation (Mercer & Crapo, 1992) .
The regions defined in the following correspond anatomically to the airways distal to the terminal bronchioles comprising respiratory bronchioles, alveolar ducts and alveoli. They are defined structurally as belonging to the acinus, a complex of all airways distal to the terminal bronchiole and can be summarised as acinar pathways in which all airways participate in gas exchange (Rodriguez et al. 1987 ). In the rat, however, there is a sharp transition from conducting to respiratory airways since the respiratory bronchioles are rudimentary (Bastacky et al. 1983) . Therefore, in rat lungs changes in the volumes of alveoli and alveolar ducts must be assumed to contribute mainly to the stratification of alveolar\ acinar air defined by a pO # gradient from the entrance into the acinus to the alveolar sac at the end of the acinar airways (Piiper, 1979 ; Weibel et al. 1981) .
In consequence, to define the structural basis for the differences in perfusate oxygenation between EuroCollins and Celsior preserved lungs, we compared the effects of these solutions on alveolar and acinar airway expansion in ischaemia\reperfused rat lungs. The volume weighted mean volumes of parenchymal spaces were determined in perfusion-fixed lungs after tissue collection by systematic random sampling (Michel & Cruz-Orive, 1988 ) using the stereological method of point sampled intercepts according to Gundersen & Jensen (1985) . The great benefit of this method is that it is assumption-free and unbiased but design-based and therefore highly efficient (Mayhew & Gundersen, 1996) . The purpose was to establish an efficient and reliable parameter to validly estimate preservation-associated changes in size distribution of alveoli and alveolar ducts which may explain the observed differences in lung function.
  

Animals
Thirteen male inbred Sprague-Dawley rats weighing 373 to 470 g (meanp.., 409n5p29n9) were anaesthetised with pentobarbital (Nembutal 1 mg\kg body weight i.p.), intubated by tracheotomy and heparinised via the inferior vena cava (100 IU). All animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals published by the National Institute of Health (NIH publication 85-23, revised 1985) .
Lung preparation and perfusion
Excision of the heart-lung block was performed as described recently (Fukuse et al. 1995 (Fukuse et al. , 1996 . In brief, during surgery the animals were ventilated with room air at a tidal volume of 5 ml and a respiration rate of 40 breaths per minute with positive end-expiratory pressure of 3 cm H # O. Lungs were flushed via the pulmonary artery with 20 ml of cold (4 mC) preservation solution at hydrostatic pressure of 20 cm H # O. Lungs were assigned randomly to 3 experimental groups composed of 5 lungs preserved with low potassium Euro-Collins, 5 lungs preserved with Celsior (IMTIX, Pasteur Merieux, France) and controls. Control lungs were preperfused with KrebsHenseleit buffer containing 2 % BSA via the pulmonary artery for 3 min to remove the blood and immediately afterwards fixed in situ by vascular perfusion.
After excision the experimental heart-lung blocks were stored in the corresponding preservation solution for 2 h at 4 mC. The lungs were then reperfused for 50 min with Krebs-Henseleit buffer (37 mC) containing bovine red blood cells (Fukuse et al. 1996) by using a quattro head roller pump (Mod-Reglo-Digital, Ismatec, Zu$ rich). The perfusion rate was gradually increased from 1n0 to 8n0 ml\min during the first 10 min, and was maintained at the constant rate of 8n0 ml\min throughout the remaining period of reperfusion. Ventilation conditions were the same as during surgery. At the end of each experiment the right lung was fixed for microscopy.
Fixation
Fixation of the right lung was performed by vascular perfusion via the pulmonary artery. Hydrostatic pressure was adjusted to 15 cm H # O and the lungs were perfused for 15-20 min. During fixation, the airway pressure was adjusted to 12 cm H # O. The fixative used was a mixture of 1n5 % glutaraldehyde and 1n5 % paraformaldehyde in 0n1  cacodylate buffer (vehicle osmolality l 300 mOsm\kg ; pH l 7n35). At the end of perfusion fixation, the right main bronchus and pulmonary artery and veins were clamped, and the lungs were stored in cold fixative for 5-7 d until they were further processed for stereological analysis. Immediately before sampling of tissue slices the absolute volumes of the fixed lungs were determined by fluid displacement according to Scherle (1970) .
Sampling of tissue blocks
Systematic random sampling of lung tissue was performed according to Michel & Cruz-Orive (1988) . Briefly, the whole lung was embedded in 2 % agaragar dissolved in distilled water. By means of a tissue slicer, the organ was cut into 3 mm thick slices (10-13 per lung). Starting with a random number, every third slice was collected. After several buffer rinses, slices were postosmicated and stained en bloc with halfsaturated, aqueous uranyl acetate. The tissue was dehydrated through a graded series of ethanol and embedded in a methacrylate resin, Technovit 7100 (Kulzer, Heraeus, Germany) to reduce the degree of technical bias by shrinkage which was regularly observed in paraffin-embedded material (Ladekarl, 1994) . Sections (3 µm) were cut from each slice (3-4 per lung) using a Reichert Supercut 2050 and Azanstained according to Heidenhain.
Stereology
The volume weighted mean volumes (V z v ) of alveoli and of acinar pathways comprising air-conducting paths distal to the terminal\transitional bronchioles (Rodriguez et al. 1987) were estimated by the method of point sampled intercepts (Gundersen & Jensen, 1985) . This technique combines information on both mean volume and variability of size of the specified parenchymal spaces which were defined as single particles. The advantages of V z v as a size parameter are that it is very easy to estimate-on just a single section-and the estimation is unbiased without shape assumptions. The method is based on the relation
times the length raised to the power 3 (1$ ! ) of an intercept in a random direction through a random test point hitting an arbitrarily shaped particle is an unbiased estimate of the volume of the particle (provided that 1 ! is measured in an isotropic, uniform random direction in 3-dimensional space). In brief, a test field (9 points) was projected into the virtual section image of a Zeiss Axioskop microscope (i200). Each transection hit by a test point was classified with a logarithmic ruler (L "& l 35 mm for alveoli ; L "& l 99 mm for acinar pathways) composed of a series of 15 classes, where the width of any class (1 ! ) was approximately 17 % larger than that of the preceding class (Soerensen, 1991) . The factor 3 in the denominator represents the reference standard ruler of L l 3 mm from which all other rulers were constructed. Volume weighted mean volumes were then calculated according to the formula given by Braendgaard & Gundersen (1986) :
Due to the random orientation of alveoli and acinar pathways in lung parenchyma the ruler was maintained in a horizontal position to determine the intercepts. Particle profiles were designed and measured from ' wall to wall ' which, in the case of acinar pathways, comprised single alveoli or transections of 1 or 2 alveolar ducts with adjoining alveoli and eventually in some cases bronchiole(s). This does not refer to the ' acinus ', which is a defined anatomical space but describes a gas-exchange unit mostly determined by the dimension of the alveolar sac. The measurement of alveoli had to be modified in those instances in which part of the alveolar wall was not present (the mouth of the alveolus). According to Massaro & Massaro (1992) the structure was then closed by drawing a straight imaginary line that connected the ends of the wall (Fig. 1 a) . In order to determine alveolar size classes the mouth of the alveolus (arrow) was closed by imagining a straight line (dotted) that connected the ends of the wall. Note the widely expanded alveolar ducts (Du) and alveoli (Av) after preservation with Celsior. i200.
In order to evaluate the uncertainty introduced by the stereological estimation procedure the observed coefficient of error (OCE) was determined according to Braendgaard & Gundersen (1986) . The true biological variance (CV#) was estimated from OCV# l CV# biol jOCE# with OCE# is the mean of the group estimates and OCV# is the observed relative variance (Gundersen, 1986) .
Statistics
Differences between the experimental groups were tested for significance by nonparametric KruskalWallis 1-Way ANOVA on Ranks or by a MannWhitney rank sum test. Mean values are givenp.. Correlation between variables was tested by means of the nonparametric Spearman rank order correlation. All statistical analyses and graphic presentations were performed using the SigmaStat 2.0 and Sigmaplot 3.0 software programs (Jandel Scientific, Erkrath, Germany).

Efficiency of estimation
With respect to the great difference in volume between alveoli and alveolar ducts the volume weighted mean volumes (V F v ) of the defined parenchymal spaces had to be determined separately by means of 2 different rulers. Approximately 200 test points were counted and measured per alveoli and alveolar ducts of 1 lung, respectively. To achieve this, screening of a higher number of test fields was necessary for the measurement of alveoli (" 70) than for alveolar ducts (" 40) since in the latter nearly every test point was within the defined structure. Consequently, determination of acinar V z v of a single lung could be finished within 30 min, whereas the measurement of alveolar V z v lasted for about 1 h per lung.
In the control group the coefficient of variation (CV) which describes the biological variability was very low for the estimate of alveoli (CV alv ) but higher for the estimate of acinar pathways (CV acin ) ( Table 2) . Low CV alv were also determined for the Celsior group but CV acin was much below the values found in the CV indicates the true relative biological variation whereas CE describes the uncertainty introduced by the method. Both contribute to OCV which is the observed relative variation of the group. controls. In contrast, CV alv as well as CV acin were both higher among lungs of the Euro-Collins group indicating a high biological variation of these structures in this group. Compared to the CV of alveoli, estimation of V z v was characterised by a relatively high coefficient of error (CE) in the control and Celsior groups. However, estimates of CE were 10n5 % for the control group and 9n5 % for the Celsior group which means that they were reasonably precise.
Volume weighted mean volume
Widely opened alveoli and alveolar ducts were a typical feature observed in ischaemia\reperfused lungs after preservation with Celsior (Fig. 1 b) . In contrast, both parenchymal spaces appeared less expanded after preservation with Euro-Collins (Fig. 1 c) . This was confirmed by the measurement of V z v of alveoli and of acinar pathways (mainly consisting of alveolar ducts) which both were significantly higher (P l 0n0025) in the Celsior group compared with lungs preserved with Euro-Collins solution (Table 3) . The control lungs, however, were characterised by widely opened acinar pathways in combination with narrow alveolar transections (Table 3 ; Fig. 1 a) . In consequence, compared with the controls Celsior preserved lungs displayed a higher distention of the alveoli whereas in Euro-Collins preserved lungs the acinar pathways were less distended (P l 0n0375).
Correlation of V z v of alveoli and acinar pathways with total lung volume did not show any significant relationship, indicating that the changes observed were not simply an effect of differences in lung volume.
Distribution of size classes
The distribution of both acinar pathways and alveoli in the 15 defined size classes referring to intercept width (1 ! ), was largely homogeneous in all groups tested, but differences were found in the smallest size class 1 and the largest size classes 13-15 (Figs 2, 3) , respectively. The fraction of class 1 alveoli, a great proportion of which appeared atelectatic histologically, was significantly higher in the EuroCollins compared with the Celsior group of which the fraction was in the range of control values ( Fig. 2 ; Table 4 ). In contrast, large, distended alveoli (size classes 13-15) only occurred after preservation with Celsior (6n9p2n7%). Analysis of size class distribution of alveolar ducts\acinar pathways revealed comparable results showing a significantly increased fraction of size class 1 pathways after preservation with Euro-Collins compared with the Celsior group and to the control lungs ( Fig. 3 ; Table 4 ). In contrast to the alveoli, wide acinar pathways categorised in size classes 13 and 14 were found in all groups. Acinar pathways of size class 15 only occurred in Celsior preserved lungs and in the controls which in combination with the overall higher representation of the larger size classes found in these groups finally contributed to the significantly higher V z v determined.

The method of point sampled intercepts which has frequently been used for estimation of nuclear volumes in histopathology by Nielsen and coworkers (Nielsen et al. 1986 (Nielsen et al. , 1989 Nielsen, 1988 ; Nielsen & Ostri, 1988) , was shown to provide an efficient tool to quantify the effects of distinct preservation solutions on the expansion of the distal gas-exchange regions in rat lungs after ischaemia\reperfusion. Application of this method does not disturb the delicate arrangement of the surfaces of alveoli and alveolar ducts which occurs with casting techniques (Gil et al. 1979) . In contrast to 3D reconstruction techniques, the method of point sampled intercepts allows the study of more particles (alveoli, acinar pathways) in a great number of replicates in a shorter period of time which is important if different experimental groups are to be compared. However, it has to be taken into consideration that the volume weighted mean volumes (V z v ) estimated by means of point sampled intercepts combine information on particle volume and variability of particle size. This is described by the formula
with V z N corresponding to the number weighted volume of particles which increases with variation of particle sizes expressed by CV N , their coefficient of variation. Therefore, the contribution of large alveoli was overestimated (' volume weighted ') which resulted in slightly higher values compared with the mean alveolar volume determined by means of 3-D reconstruction of serial sections . This study yielded a mean alveolar volume of approximately 2n0p0n13 SE i10& µm$ at an inflation pressure of 10 cm H # O as compared to a V z v of 5n0p0n6 SD i10& µm$ at an inflation pressure of 12 cm H # O estimated in our study. In contrast, using serial section analysis the mean volume of alveoli plus alveolar ducts (acinar pathways) was determined to be about 5n2p0n6 SE i 10) µm$ which is i30 higher than the estimates of the V z v (1n5p0n6 SD i10( µm$) presented in this study. This may be due to the fact that the length of the ruler for measuring the intercepts must be designed according to tissue characteristics in order to obtain a homogenous distribution of size classes. In this special case the ruler had to be limited at 99 mm. In consequence, very long alveolar ducts of which 2-4 occurred in all lungs (irrespective of the experimental group), had to be excluded from measurement.
Because of the clear anatomical contours of acinar airways, size determination from ' wall to wall ' was less time-consuming compared with the measurement of alveolar size in which a straight imaginary line was drawn to close alveolar mouth openings according to Massaro & Massaro (1992) . In those instances in which alveolar mouth openings were extremely widened it was nearly impossible to define the ' lips ' of the mouths. Since their width defines the volume of both spaces, alveoli as well as alveolar ducts, a clear distinction between these 2 parenchymal spaces then became difficult. Furthermore, when alveoli had collapsed by atelectasis they were difficult to be distinguished from capillaries.
The variability introduced by the stereological approach has been evaluated by the coefficient of error (CE) which, although exceeding the coefficient of biological variability in most estimates of alveoli, clearly stays in the limits confirming reasonable precision of the estimations ( 20 %). The EuroCollins group forms an exception showing slightly increased CE of acinar pathways (28n5 %) which in relation to the high interindividual variability is considered to be less critical. In summary, the point sampled intercepts method persuades by its easy handling, time-saving and efficiency and is therefore recommended for the comparison of the gas-exchange regions in lungs of distinct experimental groups.
We have shown that estimation of both parameters, alveoli and acinar pathways, allows us to differentiate the status of airway distention between adjacent parenchymal spaces and to characterise the effects of the distinct preservation solutions used. In the EuroCollins group the V z v of both alveoli and acinar pathways were shown to be reduced, compared with lungs which had been preserved with Celsior. Compared with the controls these effects were associated with changes in different parenchymal spaces. The acinar pathways were narrower after preservation with Euro-Collins but the V z v of alveoli appeared unchanged. Celsior preserved lungs, in contrast, were characterised by expansion of the alveoli with unchanged dimensions of the acinar pathways\alveolar ducts. The increased biological variability of both alveoli and acinar pathways in Euro-Collins preserved lungs is opposed by a decrease in interindividual variability of both parenchymal spaces after preservation with Celsior. In control lungs, however, dimensions of alveoli are characterised by a high interindividual constancy as indicated by very low CV whereas the opposite is true for acinar pathways.
Maintenance of alveolar size in a limited range is therefore proposed to be functionally important. This may explain the improved oxygen tension observed in Celsior preserved lungs in which alveolar characteristics are similar to the control situation. The acinar pathways\alveolar ducts may then be considered as regulatory space, stabilising the functionally limited alveolar microdynamics by a high variability of their own expansion properties. We further propose that alveolar micromechanics are regulated by surfactant activity whereas the width of alveolar ducts\acinar pathways depends on distension\contracture of contractile cells and elastic structures which are located in the septa. Therefore, lung preservation with lowpotassium Euro-Collins and Celsior may differentially influence alveolar mechanics leading to the differences in lung function observed.
Surfactant activity was shown to be an important factor in the stabilisation of alveolar micromechanics (Bachofen et al. 1990 ). However, the traditional approach in evaluating surface forces in lung mechanics places emphasis on the alveoli without consideration of the structural importance of the alveolar ducts. The walls of the alveolar ducts are provided with a network of connective tissue, contractile myofibroblasts and pericytes as well as smooth muscle cells which together with the width of the collagen ring around the alveolar opening define the size of the alveolar duct (Mercer et al. 1994) . By serial section analysis Mercer and coworkers (1987) showed that with increasing inflation pressures (10-30 cm H # O) volume fractions of alveoli and alveolar ducts converged. The alveolar ducts then formed a proportionally greater fraction of the gas-filled volume suggesting that the elastic elements of the connective tissue in the septa were distended and were predominant in determining lung behaviour near the volume expansion limits. In accordance alveolar ducts appeared widely expanded in control lungs of the study presented using a fixation pressure of 15 cm H # O (an airway pressure of 12 cm H # O during fixation) which was in the range of the inflation pressures (10-30 cm H # O) described above. After lung preservation and ischaemia\reperfusion volume changes of alveoli and acinar pathways indicated that Euro-Collins and Celsior solutions may act differently on both alveolar surface activity and contraction\expansion of connective tissue and muscle cells in the walls of the alveolar mouth openings as well as of the alveolar ducts. The preservation solutions mainly differ from each other in their composition of electrolytes (see also Table 1 ). The conventional Euro-Collins solution is defined by its high potassium content (115 m) which is known to induce temperature dependent pulmonary vasoconstriction leading to oedema formation (Kimblad et al. 1991) . Therefore, a low-potassium modification (40 m) was used which has been reported to result in a better physiological status after preservation also compared with other types of solutions (Xiong et al. 1994 ; Fukuse et al. 1996 ; Bando et al. 1998) . Whether the potassium content or other characteristics of the electrolyte composition of the Euro-Collins solution may act directly or indirectly (via vasoconstriction) on the width of the alveolar ducts still remains unclear.
Celsior solution was designed to prevent myocardial contracture by enhancement of energy production via glutamate and by limitation of calcium overload (Stringham et al. 1992) . This is in accordance with the observation that compared with the controls no significant changes in acinar pathway expansion was found in Celsior preserved lungs. However, the significant increase of alveolar V z v after preservation with Celsior may be related to specific effects on surface activity of the pulmonary surfactant. Alterations in pulmonary surfactant composition and activity leading to changes in lung mechanics and surfactant biochemistry were shown to be induced by lung preservation (Veldhuizen et al. 1993 ; Andrade et al. 1995) .
In conclusion we hypothesise that lung preservation with low-potassium Euro-Collins and Celsior solutions may act differently on surface activity of the pulmonary surfactant as well as on contracture of the acinar pathways resulting in improved lung function with Celsior. By the means of point sampled intercepts structural changes in lung parenchyma can be efficiently evaluated allowing a novel approach to improve understanding the influence of preservation solutions on the distal gas-exchange regions.
